Little is known about serotonin neurons in Parkinson disease (PD).
P
ARKINSON DISEASE (PD) is characterized by a progressive loss of neurons in subcortical monoaminergic nuclei, particularly those in the substantia nigra.
1,2 Both in vitro 3, 4 and in vivo 5, 6 studies have yielded extensive evidence of reduced dopamine (DA) innervation in the brains of patients with PD. In contrast, relatively little is presently known about the status of brain serotonin (5-HT) neurons in PD. [7] [8] [9] Further, the clinical significance of 5-HT changes observed thus far in postmortem studies is largely unknown. 10 With modern brain imaging, it is now possible to selectively image neuron systems of interest in the living human brain.
Various investigators have used [
123 I]␤-CIT with single-photon emission computed tomography (SPECT) to visualize striatal DA innervation and midbrain serotonin transporter (SERT) density simultaneously. [11] [12] [13] For the present studies, [ 123 I]beta-CIT was not ideal because it preferentially labels the DA transporter (DAT) rather than the SERT in the striatum. Recently, [ 11 C](+)McN5652, a positron emission tomography (PET) radioligand with high specificity and selectivity for the SERT, has been developed. 14 The distribution of [ 11 C](+)McN5652 correlates well with the known distribution of the SERT in humans, 14 and yields a reliable assessment of SERT binding in brains with a documented loss of 5-HT innervation. 15, 16 The aim of this study was to assess the status of striatal 5-HT innervation in living patients with PD, using [ 11 C](+)McN5652 and PET. In particular, we sought to: (1) evaluate SERT binding in the striatum in PD patients; (2) explore the relationship between changes in the SERT and DAT in patients with PD; (3) determine whether alterations in the SERT or DAT in patients with PD are related to alterations in regional cerebral blood flow; and (4) determine if changes in the SERT and DAT correlate with clinical stages of PD.
METHODS

STUDY PARTICIPANTS
A total of 26 subjects participated in the study: 13 adults with idiopathic PD and 13 normal controls (NCs). Patients ranged in age from 54 to 75 years (mean±SD, 65.2±7.6 years), had completed 13.8±4.2 years of education, and included 6 men and 7 women. Patients with PD were recruited from the Johns Hopkins Bayview Medical Center Movement Disorder Clinic (Baltimore, Md), where the diagnosis of idiopathic PD was made based on the clinical criteria described by Hughes et al. 17 In addition, 13 NCs, who ranged in age from 38 to 76 years (mean±SD, 63.0±11.5 years), had completed 13.8 ± 2.4 years of education, and included 7 men and 6 women, participated in the study.
All of the PD patients and NCs were administered the Hamilton Rating Scale for Depression 18 and the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition. 19 None of the patients or control subjects was thought to have major depression, dementia, current alcohol abuse, or any other Axis I mental disorder. Any participant who earned a score of less than 24/30 on the MiniMental State Examination 20 was excluded. All of the patients underwent neurologic and physical examinations. Disease staging was assessed with the Hoehn-Yahr Scale (HYS). 21 On this basis, 5 patients were rated as being in stage 1, 4 in stage 2, 2 in stage 3, and 2 in stage 4. Disease severity, assessed while most patients (12 of 13) were taking antiparkinsonian medication, was determined using the Unified Parkinson's Disease Rating Scale. 22 Finally, each patient completed a self-rating scale of competence for activities of daily living. 23 Twelve of the 13 patients with PD were receiving treatment with 1 or more antiparkinsonian medications at study entry; 1 patient was drug naive. Medications included levodopa/carbidopa (n=7), selegiline (n=11), and pramipexol (n=2). None of the patients had taken any medication for at least 12 hours before the PET study. No participants were using medications known to cause persistent alterations in the density of the SERT or DAT. The study was approved by the Johns Hopkins University institutional review board, and all subjects gave written informed consent to participate.
IMAGING PROCEDURES
To ensure the reproducibility of positioning for the 3 PET studies, a custom-made face mask was fitted to each participant's head and attached to the head-holder during magnetic resonance imaging (MRI) and PET. Magnetic resonance imaging was performed to position the subject's head and delineate the regions of interest (ROIs) using a GE Signa 1.5-T scanner (GE Medical Systems, Milwaukee, Wis). O injection, arterial blood was drawn from the radial artery using an automated blood sampler pump and propelled through a coincidence counting device crosscalibrated with the PET scanner. To determine time activity curves from ROIs, PET and MRI images were converted to NetCDF/MINC format 25 (http://www.bic.mni.mcgill.ca/software /minc/minc.html); coregistration was achieved with the Automated Image Registration algorithm software package. 26 Regions of interest were drawn on a single slice, which was selected based on the judgment that it contained the best representation of that particular brain area. Regions of interest were drawn for the following brain regions: head of caudate, putamen, cerebellum (Figure 1 ), and thalami (not shown). WIN35428 and McN5652 images were coregistered using the same MRI image. The same ROIs were used for both tracers, and fitting was checked visually in each case by codisplay of the PET and MRI images with the ROIs. O study, regional cerebral blood flow was calculated from tissue activity curves derived using the same ROIs as for the radioligand studies. Before fitting these tissue curves, the arterial input function was corrected for bolus delay and dispersion. 29 
STATISTICAL ANALYSIS
The primary hypothesis of the study was that patients with PD would have significant reductions in the DAT and SERT compared with age-and sex-matched NCs. A secondary hypothesis was that reductions in the DAT and SERT would be positively correlated with the stage of illness (HYS).
Prior to hypothesis testing, t tests were conducted between the PD and NC groups on the following variables: age; years of education; Mini-Mental State Examination scores; and the mean number of voxels in the various ROIs. To test the primary hypothesis that striatal DAT and SERT binding are reduced in PD, analyses of covariance were conducted, covarying for age. A probability of PϽ.05 was set as the cutoff for statistical significance, with a correction for multiple test variables to control for a type I error. 30 Pearson correlation analyses were used to assess relationships between disease severity and SERT and/or DAT binding. Data are give as mean±SD unless otherwise indicated.
RESULTS
The PD and NC groups did not differ significantly with respect to age (P=.58), years of education (Mini-Mental State Examination score, 28.1±1.6; P =.57), or sex distribution. Figure 1 Table 1) . Unlike DAT, SERT binding was not disproportionately reduced in striatal nuclei contralateral to the more affected side of the body among PD patients with asymmetric tremor or rigidity (all P values Ͼ.5). There was also a trend for reduced SERT binding in the thalami (NC: 1.15±0.69; PD: 0.86±0.35); however, the difference did not reach the expected level of significance (P=.1).
[ 11 C]WIN35428 BINDING
The binding of [ 11 C]WIN35428 to the DAT was tested by the general linear model using diagnosis as a refer- ence variable and the caudate-cerebellum ratio or putamen-cerebellum ratio as a test variable while controlling for age. Even though the age effect was significant in both the caudate (F = 15.5; P = .001) and the putamen (F=19.3; PϽ.001), after controlling for age, PD patients showed lower caudate and putamen [ 11 C]WIN35 428 binding than NCs. The putamen-cerebellum DAT binding ratio was reduced by 39% (F = 8.7; P = .007), and the caudate-cerebellum DAT binding ratio was reduced by 20% (F = 38.9; PϽ.001) in PD patients compared with NCs. Both differences are significant.
Of the 13 patients with PD, 10 had asymmetric tremor or rigidity (6, rightϾleft; 4, leftϾright). When the ratios of DAT binding were compared for these subgroups, patients showed a 34% greater reduction in DAT binding in the putamen region contralateral to the most affected side of the body, and 6% greater reduction in DAT binding in the caudate region contralateral to the most affected side of the body. This asymmetry in DAT binding was significant only for the putamen (P = .006).
CORRELATION BETWEEN [ 11 C](+)McN5652 AND [ 11 C]WIN35 428 BINDING
The hypothesis that reductions in DAT and SERT binding would correlate with a more advanced stage of illness was tested by the Spearman correlation of the binding of these ligands in the putamen (part of the striatum that is more affected in PD than the caudate nucleus) with the HYS. In the 13 PD patients, [ 
CEREBRAL BLOOD FLOW AND LIGAND UPTAKE
Striatal cerebral blood flow did not differ significantly between NCs and PD patients (43.1±6.9 vs 49.1±7.6 mL/ 100 g per minute, respectively; PϾ.05). Similarly, the group differences in the ligand uptake parameter, K 1 , were not significant in the caudate (PD: 0.29±0.05 mL/mL of tissue; NC: 0.29±0.06 mL/mL of tissue; P =.78 for main effect; P=.99 for covariance effect of age) and putamen (PD: 0.35±0.05 mL/mL of tissue; NC: 0.35±0.07 mL/mL of tissue; P=.92 for main effect; P=.97 for covariance effect of age).
COMMENT
Our results indicate that patients with PD have reduced specific distribution volumes of [ 11 C]WIN35428 binding. Further, no reductions in regional cerebral blood flow or the sizes of the various ROIs were observed in PD patients, mitigating against potential confounding effects of blood flow, brain atrophy, and partial volume averaging. Taken together, these findings suggest that the density of SERTs, similar to the density of DATs, is reduced in the striatum of patients with PD, presumably reflecting the loss of serotonergic and dopaminergic innervation, respectively.
Patients with PD showed the expected decrease in DAT binding in the striatum. These results are in agreement with other studies wherein DAT binding decreases in PD have been found to range from 20% to 50% in the caudate and from 40% to 70% in the putamen. [31] [32] [33] Notably, patients with asymmetric tremor or rigidity showed a 34% greater decrease in DAT binding in the putamen region contralateral to the most clinically affected side of the body, which is also similar to earlier reports. 31 Also consistent with earlier reports, [33] [34] [35] we found that reductions in striatal DAT binding correlated with more advanced disease, as measured by the HYS. The present study extends these findings by providing preliminary evidence that reductions in striatal SERT binding also correlate with disease stage. Given the small number of subjects included in the analysis (n=13), additional studies will be necessary to reach definitive conclusions in this regard.
A potential drawback of the neuroimaging methods we employed was the use of [ 11 C](+)McN5652, a PET radioligand that demonstrates considerable nonspecific binding even in the striatum. Nonspecific binding could minimize the assessed contrast between the 2 groups of subjects and result in an underestimation of differences. The effect of nonspecific binding was minimized, using the cerebellum as a reference region. Normalization included both subtraction of and division by the cerebellar distribution volume of striatal total distribution volume values, attempting to account for effects of both parameter bias and variance. Although minimal but measurable specific binding in the cerebellum does exist, 36 using the cerebellum to correct for nonspecific binding appeared to be justified since the difference of cerebellar distribution volume between patients and NCs was not significant. The cerebellar K 1 was 14% lower in the PD than in the NC group; if this effect results in a bias, the actual radioligand binding in PD subjects would be 14% lower than calculated, and it could falsely blunt but not augment the difference between the 2 groups.
The potential role of antiparkinsonian medications deserves comment. Although subjects had not taken their antiparkinsonian medications for at least 12 hours at the time of their PET studies, their chronic use prior to these studies could have potentially influenced DAT and/or SERT binding characteristics. Importantly, preclinical studies do not support the view that these medications lead to alterations in monoamine transporter binding or affinity. [37] [38] [39] The limited available data collected in humans is conflicting regarding this issue. 40, 41 While it cannot be stated unequivocally that previous chronic medication use did not alter DAT or SERT binding, significant correlations between disease staging and transporter binding suggest that potential medication-related effects on transporter binding were not robust.
Another potential methodologic issue related to medication use is that at the time PD patients underwent clinical evaluation to assess the severity of their disease, they were using antiparkinsonian medications. This could potentially have confounded measures relating to severity of illness. However, despite the use of medications at the time of clinical assessment, significant correlations between striatal McN5652 binding and disease stage were noted, suggesting that medication did not mask disease staging.
Although data from the present study indicate that both dopaminergic and serotonergic systems are altered in PD, the pattern of changes in the 2 systems differs. In particular, group differences in DAT binding were much greater in the putamen than in the caudate nucleus, and the contralateral-ipsilateral ratio of DAT binding in the putamen (but not the caudate) was strongly related to asymmetry of clinical signs and symptoms. Conversely, group differences in SERT binding were greater in the caudate than in the putamen, and the contralateralipsilateral ratio of striatal SERT binding did not relate to asymmetry of clinical presentation. These findings suggest that the disease process affects DA and 5-HT neurons differently. Whether this is due to differences in the topography of the 2 systems or to some other factor remains to be determined.
In conclusion, our findings indicate that the density of striatal SERT, similar to that of DAT, is reduced in PD, and that reductions in SERT correlate with disease stage. Additional studies are needed to identify the functional consequences of loss of serotonergic innervation in PD and to identify potential interactions between DA and 5-HT neurons in the context of the disease process. 
